Hydrophobins are small proteins secreted by fungi, which self-assemble into amphipathic membranes at air-liquid or liquid-solid interfaces. The physical and chemical properties of some hydrophobins, both in solution and as a biofilm, are affected by poly or oligosaccharides. We have studied the interaction between glucose and the hydrophobin Vmh2 from Pleurotus ostreatus by spectroscopic ellipsometry (SE), atomic force microscopy (AFM) and water contact angle (WCA). We have found that Vmh2-glucose complexes forms a chemically stable biofilm, obtained by drop deposition on silicon, 1.6 nm thick and containing 35 per cent of glucose, quantified by SE. AFM highlighted the presence of nanometric rodlet-like aggregates (average height, width and length being equal to 3.6, 23.8 and 40 nm, respectively) on the biofilm surface, slightly different from those obtained in the absence of glucose (4.11, 23.9 and 64 nm). The wettability of a silicon surface, covered by the organic layer of Vmh2-glucose, strongly changed: WCA decreased from 908 down to 178.
INTRODUCTION
How proteins are adsorbed and organized at liquid-solid interfaces is a key issue for biosensor and biomaterial applications. The properties of the biological layer strongly depend on the physical and chemical phenomena that drive protein deposition [1] . Mass transport, binding mechanisms and solution composition have been extensively studied, and a lot of experimental techniques have been proposed to characterize the adsorption process [2, 3] . Protein-functionalized surfaces are a hot topic in life sciences and are becoming more and more popular also in the medical field: protein-based microarrays and biosensors, protein delivery in human body and protein-mediated tissue engineering, all these applications require that their structures are preserved once adsorbed on a surface and their bioactivity is unchanged or even increased [4] .
Hydrophobins are small proteins produced by fungi, constituted by about 100 amino acid residues [5] . They are able to self-assemble into amphipathic membranes at air-liquid or solid-liquid interfaces. Even if the mechanism of biofilm formation is not completely determined, then it is commonly accepted that the whole membrane is constituted by monomeric proteins [6] . Beyond their natural functions, hydrophobins show very peculiar chemical-physical properties, which are of interest for biotechnologists because they could be used in relevant industrial applications [7] . In particular, the chemical stability of the nanometric hydrophobin biofilms could be very attractive for surface functionalization as an alternative to classic passivation methods.
Hydrophobins are divided into two classes on the basis of the stability of assembled biofilms [8, 9] . Class I hydrophobins forms highly insoluble assemblies, which can be dissolved in strong solvents such as formic acid and trifluoroacetic acid (TFA), whereas class II biofilms can be dissolved in ethanol or in sodium dodecyl sulphate (SDS). One distinguishing feature of class I hydrophobins is their ability to form nanometric rodlets, similar to amyloid fibrils [10, 11] , which are very stable protein aggregates with b sheet structure. Moreover, the class I hydrophobin biofilm is not only highly resistant to aggressive chemicals [12, 13] but it could also serve as an active substrate for binding other biomolecules, organic substances or even cells [14] [15] [16] . In particular, interaction between sugars and some class I hydrophobins has been studied. Scholtmeijer et al. [17] have demonstrated that some polysaccharides promote rodlet formation of the class I hydrophobin SC3 at the interface between water and air or at a hydrophobic surface. Furthermore, it has been proved that the growth of amyloid fibrils, related to severe diseases, can be accelerated by glycosaminoglycans and proteoglycans [18, 19] . The mechanism by which these sugars stimulate amyloid formation and the nature of carbohydrates-proteins interaction are largely unknown, even if the binding of polysaccharides to proteins has been observed. Moreover, carbohydrates play a vital role in biological functions such as cell-cell recognition, immunological response, metastasis and fertilization. The introduction of biofunctionalities by integration of carbohydrates in a protein-modified surface could pave a new way to bionanotechnology. Carbohydrate-functionalized surfaces can be used to detect bacteria, to bind specific lectins, to deliver glycomimetic drug molecules into cells and to probe cellular activities as biosensors [20] . In a recent paper, we described the interaction between the class I hydrophobin Vmh2 of Pleurotus ostreatus and glucans (glucose-based cyclic and linear polysaccharides, and glucose monomers) in aqueous solutions [21] . Purified, TFA-treated Vmh2 is not water-soluble but can be solubilized in 60 per cent ethanol. In contrast, complexes formed by Vmh2 and glucans are soluble in water, after TFA treatment. In this work, we have focused our research on Vmh2-glucose interaction in order to better understand the influence of sugar on protein self-assembly and to throw the basis for multiple potential applications in biomaterial, biosensor and device fields [22, 23] .
EXPERIMENTAL SECTION

Materials
The class I hydrophobin Vmh2 secreted by the fungus P. ostreatus was purified as previously described [21] . We prepared two types of samples: the first one, hereafter cited as Vmh2P, by dissolving the pure protein after the TFA treatment in an ethanoldeionized water (60 : 40 v/v) solution; the second one, hereafter cited as Vmh2G, by dissolving Vmh2 after the TFA treatment in a glucose solution (0.6 mg ml 21 in water). The concentration of Vmh2G and Vmh2P was evaluated using the PIERCE 660 nm protein assay kit, because it is compatible with both glucose and organic solvents.
Biofilm preparation
The biological films investigated in this work have been obtained by self-assembling of the Vmh2 samples on silicon substrates. To this aim, highly doped p þ silicon wafer (Virginia Semiconductors, Inc.), k100l oriented, 0.003 V cm resistivity, 400 mm thick, was cut into 10 Â 10 mm square pieces. The silicon substrates were cleaned using the standard RCA process [24] and dried in a stream of nitrogen gas. Two sets of five samples were prepared by spotting one set on the Vmh2P solution and the other on the Vmh2G solution, both at 0.2 mg ml
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. Silicon chips were coated in both cases by 150 ml of solution for 1 h, dried for 10 min on a hot plate at 808C and then washed with the respective solvents. The incubation process was repeated two times. Then, the samples were treated for 10 min at 1008C in 2 per cent SDS and again washed in deionized water.
UV -vis spectroscopy
UV-vis spectroscopy measurements on Vmh2P and on glucose (400 mg ml 21 in water) solutions were made using a Uvikon 930 spectrophotometer. The absorbance spectra were acquired over the 200-600 nm, range with a resolution of 1 nm. Each spectrum was measured at least twice.
Spectroscopic ellipsometry
Spectroscopic ellipsometry (SE) measurements were performed by a Jobin Yvon UVISEL-NIR phase-modulated spectroscopic ellipsometer apparatus, at an angle of incidence of 658 over the 300-1600 nm range, with a resolution of 5 nm. The instrument measures the spectral variation of the ellipsometric angles C and D defined through the following relation:
where R p and R s are the complex reflection coefficients of the light-polarized parallel and perpendicular to the plane of incidence. The optical properties (refractive index and extinction coefficient), the thickness and the composition of the films assembled on silicon were determined from the ellipsometric data analysis using DELTA PSI software [25] .
Atomic force microscopy
A NANOSCOPE V multimode AFM (Digital Instruments/Veeco) was used for the imaging of biofilms. Surface imaging was obtained in tapping mode using silicon-or aluminium-coated cantilevers (125 mm long with a resonance frequency of 200 -400 Hz and nominal force constant of 40 N m
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). The scan frequency was typically 1 Hz per line, and images were flattened to a second-order polynomial. Quantitative measurements have not been corrected by tip dimensions. Roughness has been calculated on 1 Â 1 mm images.
Water contact angle measurements
Sessile drop technique has been used for water contact angle (WCA) measurements on an OCA 30-DataPhysics coupled with a drop shape analysis software. Five measurements were analysed for the both sets of Vmh2P and Vmh2G samples.
Glucose determination by phenol -sulphuric acid test
The silicon chip, coated by Vmh2P or by Vmh2G, were treated with sulphuric acid (1 ml) and 5 per cent phenol. Each chip was incubated in the solution for 10 min at room temperature and for 20 min at 378C; then the absorbance at 485 nm was determined. Glucose solutions at standard concentrations were used as reference.
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RESULTS AND DISCUSSION
In our previous work [13] , we proved the extreme chemical stability of the Vmh2P biofilm: once the solvent of the drop casted on the silicon surface evaporated, the self-assembled protein layer could not be destroyed by washing the coated chip at 1008C in 2 per cent SDS; moreover, the Vmh2P biofilm was able to protect the silicon surface against a KOH hot (808C) etch process. This last result is also indirect evidence that the protein biofilm forms a quite uniform confluent layer: the KOH is a small molecule that cannot dissolve it or pass through it. The Vmh2P could also form rodletlike structures that can be found on the biofilm surface (comments on figure 5 in the following). In the case of pure glucose, it was not possible to create a stable layer on the silicon surface because the sugar was completely removed from the support just by a quick dip in deionized water at room temperature. For this reason, the glucose sample for ellipsometric characterization was just the amount of sugar left after water evaporation on the silicon, without any rinsing step. The biofilm formed by hydrophobins and glucose showed the same high chemical persistence as Vmh2P did: the membrane cannot be removed by hot SDS washing. This result has been confirmed by both ellipsometric and WCA measurements, as reported in the following, but also by a phenolsulphuric acid test. The test, replicated in triplicate for each kind of sample, was negative in the case of a silicon chip coated by Vmh2G (which means that all the sugar in the layer are not removed), whereas it resulted positive on a silicon chip treated with the same amount of glucose present in the Vmh2G sample. Owing to the sensitivity limit of this kind of method, we underline that the results can be taken only as qualitative and that the amount of sugar cannot be quantified precisely.
In figure 1 , the absorption spectra of Vmh2P and highly concentrated glucose solutions are reported. The Vmh2P spectrum shows an absorption peak at 210 nm due to the presence of the peptide bonds, and a broad band between 240 and 350 nm centred at 280 nm, due to aromatic amino acid residues. In the same wavelength range, the glucose is characterized by negligible absorption. These results have been used in the ellipsometric analysis of biofilms deposited on the silicon surface for a correct choice of material models: ellipsometry allows us to estimate the refractive index, the thickness and the composition of the biological films self-assembled on the silicon surface.
Before the ellipsometric characterization of the Vmh2G biofilm, we studied the optical parameters (i.e. the refractive index n and the extinction coefficient k) of pure hydrophobin Vmh2 and pure glucose, both on silicon. In figure 2a ,b, n and k, as functions of the wavelength, are reported for pure Vmh2 and for glucose, respectively.
In the case of the protein, the curves have been determined by fitting the experimental results using the dispersion relation developed by Cauchy [26] for transparent dielectric materials and including, as additional term, a single Lorentz oscillator, taking into account the absorption between 290 and 450 nm. The expression of the dielectric function, related to n and k by the relationship 1 ¼ (n þ ik) 2 , used in the fitting procedure is given by
This equation includes six fitting parameters: the Cauchy coefficients A, B and C, and the amplitude f, the resonant frequency v 0 and the broadening g of the Lorentzian. Owing to the almost zero absorbance of glucose, as it can be observed in figure 1 , the optical function has been modelled by the Cauchy dispersion relationship (first term in equation (3.1)). The values of the fitting parameters, determined from the analysis of the experimental spectra, are reported in table 1, together with the statistical parameter x 2 . In the interval of wavelengths investigated, the refractive index values of glucose are slightly higher than those of Vmh2P although it does not absorb radiation: these differences allow SE the quantification of both substances once self-assembled in a composite biofilm. In the case of the Vmh2P, the behaviour of the absorption coefficient a, also expressed in terms of extinction coefficient k through the relationship a ¼ (4p/l)k, is in good agreement with that determined by UV-vis spectroscopic analysis (see inset in figure 2a) . Figure 3a ,b shows the C and D experimental spectra in the case of Vmh2P and Vmh2G films self-assembled on silicon, together with the calculated spectra and the material models used to fit them.
From the optical point of view, the Vmh2P biofilm can be modelled by a simple homogeneous layer, at least considering it continuous at the micrometric scale, the fitting parameter being the film thickness. The Vmh2G biofilm has been considered as a mixture of two constituents-the glucose and the pure protein: in this case, the organic layer has been modelled using the Bruggeman effective medium approximation (EMA) [27] ; the fitting parameters are now the thickness and the content of glucose in the biofilm, considered as host in the protein matrix. The results of this analysis have been obtained as the average of five different measurements on the same sample, in order to statistically take into account slight biofilm inhomogeneities. A glucose content of (35 + 4)% in the protein -glucose biofilm has been found, with a layer thickness of (1.6 + 0.1) nm, which is smaller than the thickness of the pure Vmh2 self-assembled on silicon (3.92 + 0.06 nm). Figure 4 reports the comparison of D spectra of a bare silicon surface together with those of coated silicon by pure protein, and by Vmh2 -glucose biofilms. A change in D, owing to the presence of the protein, has been measured; in particular, we can observe a decrease at an increase in thickness of the organic layer.
The surface concentration G (mg cm 22 ) of Vmh2P and Vmh2G biofilms self-assembled on silicon can be also calculated from ellipsometric data by using the Cuypers formula [28] :
where A is the molar refractivity (cm 3 mol
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), M is the molecular weight, and d and n f are the thickness and the refractive index of the biofilm (determined by SE). The Cuypers formula assumes homogeneity along the stratification direction: in our case, because the thickness of the layer and the size of the rodlet-like Hydrophobin-glucose nanometric films I. Rea et al. 2453
aggregates (comments on figure 5 in the following) are well above the micrometre, the formula can be safely used [29] . In table 2, we have reported the parameters used to calculate G and the values of G. The refractive indexes of pure protein and glucose films have been extrapolated from the curves reported in figure 2a ,b at a wavelength of 1000 nm; these values have been used to calculate the refractive index of the Vmh2G biofilm using an EMA layer constituted by 35 per cent of glucose. The molar refractivities of Vmh2P and Vmh2G have been obtained by adding the known values of their constituent atoms [28] . To this aim, we have considered Vmh2G as a molecular complex of 250 units of glucose and one unit of protein, as suggested by results obtained in Armenante et al. [21] . The value of the surface concentration of the Vmh2P biofilm, reported in table 2, is about twice that calculated for Vmh2G, owing to the very different thicknesses estimated for both biofilms. Even if we do not have any information on the molecules disposition in the Vmh2G layer, then these results suggest that in this case, a larger portion of the surface is covered by smaller glucose molecules, which are still engaged in the biofilm formation (i.e. they cannot be washed away); so an average decrease in the determined thickness is observed with respect to the case of Vmh2P.
The higher density of the pure hydrophobin film has also been confirmed by the AFM characterization. In figure 5a ,b, we show the AFM images (height, phase and three-dimensional height) of silicon surfaces coated by Vmh2P and Vmh2G biofilms, respectively. The formation of a homogeneous biofilm can be observed in both cases in the three-dimensional-height images. The AFM pictures also reveal the presence of rodlet-like structures on top of the biofilm surfaces. In the case of pure protein, a larger number of longer rodlets can be individuated with respect to the Vmh2 -glucose biofilm. The average values of the aggregates height, width and length have been reported in table 3, together with the mean roughness of the biofilms. We note that the presence of rodlets on the layer surface surely contribute to the biofilm thickness, as esteemed by ellipsometry, but the AFM data cannot be directly used to implement those obtained by optical Table 2 . Physical-chemical properties of the two self-assembled biofilms: n f , film refractive index; A, molar refractivity; M, molecular weight; G, surface concentration. ; so the thickness of the biofilm is averaged on a surface that is 10 6 greater than that analysed by AFM. Moreover, owing to the low values of the thicknesses involved, when we tried to include in the optical model a rodlet layer on top of the film, the fitted values became too dependent on initial conditions. Anyway, if we consider a mean thickness weighted by the relative surface occupied by rodlets, which can be estimated by AFM images as 30 per cent for Vmh2P and 10 per cent for Vmh2G, the resulting thicknesses were slightly lower, 3.8 and 1.4 nm, respectively.
Changes in surface wettability due to the presence of the biological films self-assembled on silicon have been verified by WCA measurements. The values of the WCA are the average of five determinations on duplicate samples.
The silicon surface, after the removal of the native oxide layer in hydrofluoridric acid, is characterized by a WCA of (90 + 0.3)8 (figure 6a); so it can be defined as hydrophobic. The presence of the Vmh2P biofilm lowers the WCA down to (44 + 1)8 (figure 6b): this interface is more hydrophilic owing to the assembly of the protein into a film with apolar groups disposed towards the hydrophobic silicon on the one side and the polar groups on the other side [30] . When the Vmh2G biofilm is considered, a WCA of (17.5 + 0.5)8 has been measured (figure 6c): the presence of polar sugar groups in the structure of the composite biofilm further increases the wettability of the resulting surface.
CONCLUSIONS
In this work, we have characterized the biofilm of Vmh2 -glucose complexes self-assembled on a silicon surface. A chemically stable, nanometric layer of about 1.6 nm is produced by drop deposition of the Vmh2 water solution in the presence of sugar. The glucose molecules, still coordinated with Vmh2 in the self-assembled biofilm, strongly modify the wettability of the hybrid organic-inorganic interface: a decrease of the WCA of about 278 has been measured with respect to the pure protein-coated surface.
This simple method for sugar immobilization can be very useful for several applications, such as bacterial detection systems: invasive strains of the pathogenic bacterium Escherichia coli express a high level of mannose-binding proteins on their pili. Our studies on the stable immobilization of glucose on a silicon chip can be the basis for future biosensors; investigations regarding this issue are currently in progress. Hydrophobin-glucose nanometric films I. Rea et al. 2455
